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ABSTRACT
Assuming that the Universe at higher redshifts (z ∼ 4 and beyond) is consistent with ΛCDM
model as constrained by the Planck measurements, we reanalyze the low redshift cosmolog-
ical data to reconstruct the Hubble parameter as a function of redshift. This enables us to
address the H0 and other tensions between low z observations and high z Planck measure-
ment from CMB. From the reconstructed H(z), we compute the energy density for the “dark
energy” sector of the Universe as a function of redshift without assuming a specific model for
dark energy. We find that the dark energy density has a minimum for certain redshift range and
that the value of dark energy at this minimum ρmin
DE
is negative. This behavior can most simply
be described by a negative cosmological constant plus an evolving dark energy component.
We discuss possible theoretical and observational implications of such a scenario.
Key words: cosmology: theory – large-scale structure of Universe - cosmology: diffuse ra-
diation – cosmology: Dark energy
1 INTRODUCTION
Thanks to various sets of cosmological data, we can now talk about “the standard model of cosmology", the ΛCDM Universe Ade et al.
(2016). It provides the simplest paradigm that fits remarkably well to most of the current cosmological observations. As the precision of
the low redshift data increases, there are however emerging tensions in ΛCDM model which is otherwise consistent with high redshift
CMB observations by Planck. The major tension is between the model independent measurement of H0 parameter (∼ 73 km/s/Mpc) by
SH0ES collaboration Riess et al. (2016, 2018) and that by Planck assuming ΛCDM model Ade et al. (2016); Y. Akrami et al. (2018).
The latest Planck-2018 data shows, H0 = 67.8 ± 0.9 km/s/Mpc Y. Akrami et al. (2018) and this is at tension over 3.5σ with the SH0ES
measurement which is H0 = 73.52 ± 1.62 km/s/Mpc. A similar mild inconsistency in H0 for ΛCDM model is also observed by Strong
Lensing experiments like H0LiCow using time delay measurements Bonvin et al. (2017) which measured H0 = 71.9+2.4−3.0 km/s/Mpc for
ΛCDM Universe. Moreover the BOSS survey for baryon acoustic oscillations measurements using Lyman-α forest Delubac et al. (2015) has
also measured the expansion rate of the Universe at z = 2.34. This measured expansion rate of the Universe at z = 2.34 is also at tension
over 2σ with Planck result for ΛCDM Sahni et al. (2014). The important consequences of these tensions are the prediction of the dark
energy density evolution with time1 and more importantly for us, the possibility of having negative dark energy density at higher redshifts as
discussed by Sahni et al. (2014); Delubac et al. (2015); Poulin et al. (2018). Similar conclusion has also been obtained recently by Wang et
al. (2018) using a dark energy model independent approach. In their study, Wang et al. attributed the evolution of dark energy density as well
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1 That evolving and dynamical dark energy is necessitated by the data has also been discussed in Sola et al. (2016), (2018); Ryan et al (2018); Ooba et al
(2018); Di Valentino et al (2018); Bonilla et al (2016); Zhao et al. (2017); Zhang et al. (2017).
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as its negative values at high redshifts to non-minimally coupled scalar field theory like Brans-Dicke theory. Interestingly in all these studies,
the dark energy density is not only negative at higher redshifts but it is unbounded from below. This poses a serious problem as in a spatially
flat universe, with such a negative dark energy density, the matter energy density parameter will be more than one and grow quickly without
any upper bound at higher redshifts. This will have catastrophic effect on the structure formation scenario.This surely needs to be resolved.
In this work, we revisit the process of constraining the dark energy behavior using cosmological observations to find the likely sources
of tensions between low and high redshifts cosmological observations. For this, we should be careful that although Planck constrains the
high redshift Universe using CMB with unprecedented accuracy, it may not be sensitive enough to any new physics beyond ΛCDM at low
redshifts. Fitting the entire background evolution of the Universe from z ∼ 1100 till z = 0 using ΛCDM in which the dark energy density
is a redshift independent quantity, can be the source of aforementioned tensions.
Therefore we reanalyze the low-redshift data involving background cosmology assuming that for a certain higher redshift z = zmatch and
beyond, one recovers the background evolution as constrained by Planck-2018 for ΛCDM Universe. For this, we assume that zmatch has to be
larger than z ∼ 2.4, as around this redshift, we have the constraint on expansion rate of Universe from BOSS survey using Lyman-α forest.
This takes care of any new physics for dark energy evolution (beyond ΛCDM Universe) that is predicted by low-redshift observations for
z < zmatch including the SH0ES measurement for H0. With these assumptions, we study the dark energy behaviour which is consistent with
the low-redshift data for z ≤ zmatch while smoothly matching the Planck-constrainedH(z) behaviour for ΛCDM model for z > zmatch. In
this process, we do not assume any particular dark energy model. We directly reconstruct the Hubble parameterH(z) as a function of redshift
using cosmographic approach. Subsequently, we reconstruct the dark energy density evolution in a “dark energy relaxed XCDM framework,”
in which we do not assume any specific dark energy model, while still assume the Universe is spatially flat and contains pressure-less matter
(including baryons and dark matter) plus another unknown component. This extra unknown component can be due to dark energy or it may
arise as an effective dark energy component due to any sort of modification of gravity at large cosmological scales. We also ignore the
contribution from radiation energy density as it is negligible compared to matter or dark energy at late times.
Our dark energy model-independent analysis within the above set of working assumptions and framework reveals that ρDE (z) has two
specific features: it has a minimum and a phantom crossing at z = zmin. Moreover, the value of ρDE at z = zmin is negative. The simplest
explanation for ρminDE < 0, is the existence of a negative Cosmological Constant.
2 DATA SETS AND THEIR ANALYSIS
There are different approaches to constrain the behavior of dark energy without assuming any particular dark energy model. Here we take the
cosmographic approach that directly constrains different kinematical quantities related to the background evolution. The Taylor expansion of
H(z) for this purpose does not work for z > 1 and hence we use the Pade Approximation that improves the convergence at higher redshifts
Saini et al. (2000); Gruber et al. (2014); Wei et al. (2014); Rezaei et al. (2017); Mehrabi et al. (2018).
For our purpose we model the Hubble parameter H(z) using Pade approximation P2,2:
H(z) = H0
1 + P1z + P2z
2
1 +Q1z +Q2z2
. (1)
All the constant parameters P1, P2, Q1, Q2 appearing in the above expression, can be written in terms of the kinematic quantities like,
q, j, s, l (deceleration, jerk, snap, and lerk) (see Capozziello et al. (2018) for details). Note that for ΛCDM model, the jerk parameter j = 1
for all redshifts and any deviation from j = 1, confirms a non-ΛCDM behavior.
In the following two subsections we reconstruct H(z) in two cases to highlight the effects of inclusion of constraint on background
expansion at high redshifts from Planck measurements of CMB anisotropy: In section 2.1 we only consider the low redshift data samples
mentioned below using Pade approximant. In section 2.2 we reanalyze the low redshift data requiring H(z) passes through three data points
at zmatch, zmatch ± 1. The former may then be used to compare with results of Zhao et al. (2017); Wang et al. (2018). This analysis may be
viewed as a check for the Pade parametrization used.
2.1 Low redshift data only
To constrain the background cosmology, we use the following set of low-redshift observational data:
• BAO measurements from different surveys including eBoss quasar clustering and Lyman-α forest samples (see Evslin et al. (2018) and
references therein);
• latest Pantheon data for SNIa Riess et al. (2018); Gomez-Valent et al. (2018);
• the OHD data for Hubble parameter at different redshifts Pinho et al. (2018);
• strong lensing time-delay measurements by H0LiCOW experiment Bonvin et al. (2017);
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Figure 1. Low data redshift analysis without inclusion of high redshift CMB data from Planck. Left-Top: Reconstructed Hubble parameterH(z) from various
low-redshift data sets. The black dashed line is for best fit values whereas the inner and outer lines denote 1σ and 2σ contours. The thin shaded region is
reconstructed H(z) behaviour from Planck-2018 measurements. Right-Top: Comparison of our reconstructed H(z) using Pade approximant and the best fit
H(z) for ΛCDM by Planck-2018. Bottom: Reconstructed dark energy density as a function of redshift. The horizontal line f(z) = 1 is for ΛCDM.
• angular diameter distances measured using water megamasers under the Megamaser Cosmology Project Evslin et al. (2018); Reid et al.
(2013); Kuo et al. (2013); Gao et al. (2016);
• finally the measurement of H0 by Riess et al. (2016)[R16].
For details about all the data used in this analysis, please refer to Capozziello et al. (2018). The independent parameters for the data
analysis are H0, q0, j0, s0, l0 and rd, the sound horizon at drag epoch. Here the subscript “0” means the value at present (z = 0).
The reconstructed H(z) is shown in Fig.1 (Left-Top plot). Note that the high uncertainty beyond z ∼ 2.4 is due to unavailability of low
redshift data beyond z ∼ 2.4. As one can see (the Right-Top plot), the reconstructed H(z) from low-redshift observations is at large tension
with the same, reconstructed from Planck-2018 data. Also at low redshifts (z ≤ 2), there is oscillations in H(z) behaviour around the best fit
H(z) behaviour for ΛCDM as measured by Planck-2018. Such oscillation in H(z) has already been reported in Wang et al. (2018) through
a model independent study. In this work, we obtain exactly the same behaviour in a completely different approach using Pade approximation
for cosmography.
Once we constrain the H(z) behaviour using available low-redshift data, we can further constrain the redshift evolution of any exotic
component which one needs to add to the matter contribution. This extra component (we denote it as ρDE ) can be due to dark energy or due
to any modification of gravity on large cosmological scales that gives rise to some effective dark energy component. Following Wang et al.
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Figure 2. Reconstructed Hubble parameter H(z) behavior employing both low redshift and CMB Planck data sets, see the text for details. The left one is
based on Planck H(z) data at z = 4, 5, 6 and right one is for z = 6, 7, 8. The dashed line is for mean and inner and outer regions are for 68% and 95%
confidence regions. The thin shaded region is reconstructed H(z) behaviour from Planck-2018 measurements.
(2018), we write:
3H2(z) = ρm + ρDE = ρm0(1 + z)
3 + ρDE0f(z). (2)
Here we set 8piG = 1 and superscript “0" indicates values at present z = 0 and subscript “DE” stands for any dark component (either actual
or effective) that yields late time acceleration. The f(z) (a dimensionless quantity) specifies the allowed redshift evolution of ρDE . Assuming
a flat Universe, Ωm + ΩDE = 1, equation (2) can be rewritten as
H2
H20
= Ω(0)m (1 + z)
3 + Ω
(0)
DE f(z) = Ω
(0)
m (1 + z)
3 + (1− Ω(0)m )f(z). (3)
With this, one can constrain the redshift evolution for ρDE (z) using the behaviour for H(z) shown in Fig.1. For this, one needs to assume the
value of Ω(0)m and for our purpose, we assume Ω
(0)
m = 0.315 which is best fit value for Planck-2018 for ΛCDM and this value is not very
sensitive to dark energy behaviour. Using this, one can now reconstruct the f(z) behaviour from low-redshift observation which is shown
in Fig. 1 (Bottom plot). As one can see, the f(z) clearly shows oscillations around the f(z) = 1 ΛCDM behaviour for low redshifts. This
confirms the phantom-non phantom crossing. Also for larger redshifts, f(z) < 0 and is also unbounded from below. These behaviours of
f(z) are in complete agreement with the results obtained by Wang et al. (2018), confirming our methodology of using Pade approximations.
2.2 Low redshift data plus inclusion of CMB Planck data points for H(z)
Once we confirm the results obtained by Wang et al. (2018) as well as other authors Sahni et al. (2014); Delubac et al. (2015); Poulin et
al. (2018) with different approach, our next goal is to solve the problem of ρDE being unbounded from below for negative values for larger
redshifts. To address this problem, we assume that H(z) as constrained by the low redshift data, should also fit H(z) as measured by Planck
for ΛCDM at some higher redshift z = zmatch and beyond. This assumption is well justified noting that the difference between our XCDM
model and ΛCDM is in their dark energy sector and that the dark energy effects becomes relevant to the evolution of the Universe only at
lower redshifts. Also as discussed in the Introduction, to take into account any new physics in the dark energy sector that may arise due to
the BAO observations at z = 2.4 using Lyman-α forest, zmatch & 4 should be a reasonable choice. Of course, as we will comment in the
discussion part, in a full and complete analysis, zmatch should also come out from the analysis itself. Here we only intend to present a “proof
of concept” analysis.
To this end, we generate H(z) data points for higher redshifts using Planck sample chains and use those data for the fitting. We use
two sets of data for this purpose: in one case we generate data for H(z) using Planck ΛCDM chains for redshifts z = 4, 5, 6 [hereafter we
refer this case as PL1] assuming zmatch ∼ 4 and in another case we do the same for z = 6, 7, 8 [hereafter we refer his case PL2] assuming
zmatch ∼ 6. In both cases, we use sample chains for Planck+WP+highL+lensing-2015 for baseline ΛCDM model Planck Chains (2015).
The reconstructed Hubble parameter, as a function of z, is shown in Fig.2. As one can see, the reconstructed H(z) fits the H0 data
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Figure 3. Reconstructed f(z). The top ones for PL1 whereas the bottom ones are PL2. In each case, left ones are for Ω(0)m = 0.3 and right ones are for
Ω
(0)
m = 0.32. The different regions and lines are same as in Fig.2.
from R16 as well as H(z) points as measured by Planck-2015 for ΛCDM model Ade et al. (2016) at higher redshifts. The constraints on
deceleration and jerk parameters at z = 0 are: (q0 = −0.83+0.10−0.10, j0 = 3.93+0.53−0.53) and (q0 = −0.94+0.11−0.10, j0 = 4.31+0.51−0.53) for PL1 and
PL2 respectively. Clearly j0 = 1 is ruled out with high confidence level confirming the inconsistency with ΛCDM model at present. This is
consistent with previous results by Zhao et al. (2017) and Wang et al. (2018).
Once we constrain the H(z) using above data points, we again reconstruct the dark energy behavior through fDE (z) as described
equations (4) and (5). Here instead of choosing a particular value for Ωm0, we choose two different values, 0.3 and 0.32 respectively to see
effect of Ωm0 on reconstructed f(z). The result is shown in Fig 3.
As one can see, f(z) exhibits two generic features: (1) the overall shape for f(z) is the same for different choices of Ω(0)m as well as
the redshift range where we generate H(z) data using Planck chains for ΛCDM. It has always a minimum at some z = zmin, and generically
f(z) < 0 at this minimum; (2) zmin and fmin = f(zmin) depend on the value of Ω
(0)
m and the range of redshifts where one takes the H(z) data
from Planck. For Ω(0)m > 0.29, there is always a negative minimum for f(z), and for H(z) data from the Planck at higher redshift range,
the negative minimum for f(z) exists with a greater confidence level. The presence of this negative minimum in ρDE (z) does not affect the
background evolution. This can be seen from Fig.2 that there is no pathological behavior in H(z) which is perfectly consistent with a late
time accelerating Universe.
3 GENERIC RESULTS
f(z) is essentially showing “time dependence” of the dark energy density ρDE (z), therefore the time derivative of ρDE vanishes at zmin:
ρ˙DE (z)|z=zmin = 0 =⇒ (ρDE + PDE )z=zmin = 0.
That is, at the minimum, the ρDE behaves like a cosmological constant. Moreover, this minimum value being negative, can be simply modeled
through a negative cosmological constant with Λ = 3H20 (1−Ω(0)m )fmin. The most significant outcome of our analysis is that the low redshift
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Figure 4. Reconstructed f(z). The mean f(z) is plotted from the MCMC chains. The top one is without H0 data as well as without taking Planck points for
H(z) for higher redshifts. The middle one is without H0 data but taking Planck points for H(z) for higher redshifts. The bottom one is taking both the H0
data and Planck Points for H(z) for higher redshifts. The rest of the low redshift data as mentioned in the text are taken in all plots. Planck points for H(z)
are for PL1 and Ω(0)m = 0.3 is assumed.
data together with Planck constraint on H(z) for ΛCDM at higher redshifts allows for a negative cosmological constant. As discussed in the
Introduction, the negative ρDE without any minimum for higher redshifts has already been confirmed by Wang et al. (2018) using low redshift
data in a model independent way. The new feature in our analysis is the inclusion of the Planck’s constraints on H(z) for higher redshifts.
This yields to a lower negative bound on ρDE which can be associated with a negative Cosmological Constant. To show these dependencies,
in Fig. 4 we plot the mean f(z) behavior from our reconstruction for a specific case. The topmost behavior is without including H0 data
from R16 and also without including H(z) data generated using Planck ΛCDM chains. The f(z) clearly goes to negative values at higher
redshifts as confirmed by Wang et al. (2018), and this is mainly due to Lyman-α measurement of BAO at z ∼ 2.4 as pointed out in Wang et
al. (2018), see also Delubac et al. (2015); Poulin et al. (2018). Next we add the H(z) data from Planck at higher redshift and this results a
minimum in f(z) which is positive. Finally, as we add the H0 data from R16, the minimum shifts to a negative value. The inclusion of H0
data from R16 enforces present Hubble parameter to be larger which can be compensated by lowering (even negative) dark energy density
in the intermediate redshifts. Hence the Lyman-α data at z ∼ 2.4, the H0 data from R16 as well as the constraints from Planck on H(z) at
higher redshifts, all together play the crucial role for having a negative minimum for ρDE which may be modelled by a negative Cosmological
Constant.
The above conclusion can also be seen in this following way. Several previous analysis with low redshift data Wang et al. (2018),
Delubac et al. (2015); Poulin et al. (2018) including our current analysis indicate that f(z) becomes negative at some z > 1. At the same
time, H(z) should also go to matter domination at higher redshift. Then the only option for f(z) is that it start with some positive value at
z = 0, starts decreasing for z > 0, becomes negative at some point, attains a minimum with a negative value and then increases to 0 for
higher z, before matching to the Planck data at around zmatch.
Moreover, for z > zmin, the ρDE decreases with time, whereas for z < zmin, it increases with time, confirming the phantom crossing at
z = zmin. The phantom region in this case cannot be mimicked by a minimally coupled scalar field rolling uphill the potential as discussed in
Csaki et al. (2005). This is because for a minimally coupled scalar field φ, at ρminDE ,
dφ
dt
= 0, which does not allow φ to roll uphill the potential.
4 DISCUSSION AND OUTLOOK
Based on two requirements that H0-tension is ameliorated (in favor of Riess et al. (2016)) and ΛCDM is still the best fit for Planck data
at higher redshifts, we reanalyzed the low redshift data. If we consider just the low-redshift data, as we did in section 2.1, we get H0 =
72.56 ± 1.55, which is perfectly consistent with Riess et al. (2016). Adding the H(z) data for higher redshift from Planck chains for
ΛCDM as we did in section 2.2, we get the following results: For zmatch = 4, H0 = 68.7 ± 1.3, which is 2.3σ tension with Riess et al.
(2018). For zmatch = 6, H0 = 70.0 ± 1.4 which is at 1.65σ tension with Riess et al. (2018) and is at less than 2σ tension with Riess et al.
(2019). The details of these analysis will appear in an upcoming paper. So the take away is: (1) adding the Planck constraint on background
evolution at higher redshifts, the H0 shifts towards lower values compared to only low-redshift analysis and (2) adding the data point from
H(z) reconstructed by Planck chains, prefers higher zmatch. As we already pointed out with higher zmatch the likelihood of having negative
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minimum in f(z) is greater. As we mention below, the exact value of zmatch should be obtained with a thorough analysis including low
redshift and full CMB likelihood.
We reconstructed the H(z) behavior for z . 8 region2 and subsequently the ρDE (z) behavior. We stated and discussed three generic
results of our analysis in the previous sections. It is important to highlight the differences of our work from some recent works along this line.
In the work by Zhao et al. (2017), the equation of state parameter for the dark energy was reconstructed with the assumption of ρDE > 0, and
also no interaction between matter and the dark energy, therefore, setting aside a very large class of dark energy models including modified
gravity models. In a subsequent paper by Wang et al. (2018), ρDE was reconstructed directly, and it was found to be unbounded from below
at higher redshifts. Almost similar inference was drawn in Poulin et al. (2018). In our analysis, we directly reconstruct the H(z) from low
redshift data using Pade approximation and get the similar result. Our analysis reproduces the result of Wang et al. (2018) that ρDE < 0
at higher redshift. The fact that two different reconstructions yield similar results, supports the validity of our H(z) reconstruction process
which is based on Pade parametrization.
Subsequently we incorporated Planck constraint on background universe, directly through H(z) as measured by Planck for ΛCDM at
intermediate redshifts. This makes sure that our reconstructed H(z) from low redshift data is consistent with Planck measured H(z) for
ΛCDM at intermediate redshifts. This results in a minimum for ρDE and this minimum is negative. The notable features of our approach for
low-redshift data analysis are directH(z) reconstruction (using Pade approximant/parametrization) and imposing Planck constraint onH(z)
at intermediate redshifts.
Below, we add some further comments and things to be worked out and studied in future:
(I) Vetting the working assumptions and robustness of our results:
This is probably the first study where we assume two different H(z) behavior at low and high redshifts and match them around some
z = zmatch, for which we chose some reasonable values. To justify this working assumption, we have tested different zmatch and overall
behavior of our results remain the same. This is also shown in Fig.3, where we plot f(z) for two different choices of redshift range to
generate H(z) data from Planck ΛCDM model. Of course, to get an actual estimate of zmatch, one needs to do a full combined analysis using
all the low redshift data together with Planck Likelihood assuming that for z ≤ zmatch, H(z) is given by (1) and for z > zmatch, H(z) is given
by ΛCDM model and get a estimate of zmatch. This is beyond the scope of present study and will be reported in a separate publication.
Our other working assumption was the use of Pade Approximation. Pade approximation has been extensively used earlier for low-redshift
reconstruction purposes, more detailed references can be found in Saini et al. (2000) and more recent usage of Pade parametrization in Sahni
et al. (2014); Aviles et al. (2014); Gruber et al. (2014); Wei et al. (2014); Rezaei et al. (2017); Mehrabi et al. (2018) . Probably the first work
on reconstruction of quintessence potential using Type-Ia Supernova data used the rational function like Pade Approximation to model the
Luminosity Distance Saini et al. (2000). In our case, we use the same for the Hubble Parameter with larger set of observational data. We
emphasis that use of Pade Approximation to reconstruct of Hubble parameter does not bias the final result. The result that dark energy density
can be negative at higher redshifts (primarily due to H0 measurement by Riess et al and the Lyman-α measurement of BAO at z ∼ 2.4) has
been also confirmed by several earlier works. It is, however, useful to reanalyze the data using other parametrizations and verify that the final
features and results do not depend on the parametrization used in any crucial way.
(II) Consistency with Planck’s measurement of the CMB anisotropy:
The simplest dark energy model we can suggest based on our results is a negative Cosmological Constant and a phantom crossing for the
rest of the dark energy. To show that such a model is consistent with CMB temperature anisotropy as measured by Planck, we calculate CTTl
for CMB anisotropy spectra assuming that till z ≤ 6, H(z) is given by best fit of our reconstructed H(z) and for z > 6, it is given by Planck
best fit ΛCDM model Ade et al. (2016) . Note that at z = 6, ΛCDM model is well within matter dominated era. In Fig. 5, we show the
behaviours of density parameters for matter and dark energy. As one can see, around z = 6, Ωm = 1 and ΩDE = 0, allowing us to match our
reconstructed H(z) with a matter dominated era.
Using this H(z), we use CLASS code Blas et al. (2011) to compute the CTTl and compare with Planck data as well as Planck best fit
ΛCDM model. The result is shown in Fig.6. As expected and one can see, CTTl in our model is a good fit to Planck’s measurement.
(III) Effects on Structure Formation:
The existence of this small negative Λ can have interesting effect on growth of structures. As one can see in Fig. 5, Ωm is slightly greater
than 1 for a certain redshift range depending on where we match the H(z) with Planck’s ΛCDM model. This will give enhancement in
growth of structures at higher redshifts and the nonlinear regime may start earlier than in ΛCDM model. This may result in the presence
of more massive galaxies at higher redshifts compared to ΛCDM model, effects on reionization process as well as on lensing. All these are
2 Note that we are using Pade P2,2 parametrization only for 0 < zmatch . 8 region and for higher z one should use higher order Pade parametrization for
better fit to actual model.
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Figure 5. The dotted red line is for Ωm(z), the dashed green line is for ΩDE (z) and the solid blue line is for PDE/(3H2). This is for Planck H(z) data at
z = 4, 5, 6 and Ω(0)m = 0.32.
potential observable signatures for our model that can be tested by present and next generation galaxy surveys and CMB experiments.
(IV) Modeling the ρDE(z):
Within our data analysis framework, we have a clear indication that dark energy sector cannot be described by only a cosmological con-
stant. Moreover, as discussed, ρDE , PDE cannot be obtained from a minimally coupled scalar field (with any potential); that is, quintessence
models do not lead to our ρDE (z). Given that ρDE takes negative values for a range of z, the simplest model is to assume presence of a negative
cosmological constant with its value Λ = ρmin and then try to model ρ = ρDE − ρmin within a non-minimally coupled scalar theory with a
positive definite potential. This latter should be such that it provides crossing to phantom region (ρDE + PDE < 0) for z < zmin. Such models
can be constructed, e.g. within Brans-Dicke theory Wang et al. (2018). Seeking and exploring such models is postponed to future works.
(V) Theoretical implications of our dark energy model:
A positive cosmological constant which is assumed to drive the current accelerated expansion of the Universe is a theoretical challenge:
Getting a vacuum solution with a positive cosmological constant within moduli-fixed consistent and stable string theory compactifications
has been a daunting task (Maldacena et al. 2001; Kachru et al. 2003; Conlon et al. 2007; Danielsson et al. 2018). Moreover, formulating
quantum field theory on the background of a de Sitter space has its own challenges, from the choice of the vacuum state to non-existence of
a well-defined S-matrix (on global de Sitter space) (Witten 2001; Goheer et al. 2003). Our findings here, lifts all those questions by simply
removing the need for a positive cosmological constant.
On the other hand, a negative cosmological constant is a theoretical sweet spot: it provides an anti-de Sitter (AdS) background, which
is very much welcome due to AdS/CFT duality (Maldacena 1998), providing a “dual” framework for cosmology. In addition, string theory
clearly prefers AdS background to de Sitter, consistent AdS backgrounds are ubiquitous in string theory settings (Bousso et al. 2000).
Interestingly, it has been argued that accelerated expansion of the Universe may be possible with a negative cosmological constant (Hartle et
al. 2012).
Finally, we comment on the recently proposed “swampland” conjecture Agrawal et al. (2018) which favors quintessence models over
ΛCDM. Our results here are in clear tension with the swampland conjecture. Similar statement has also been made in Colgain et al. (2018).
(VI) Our results and anthropic reasoning.
In mid 1980’s and long before observational establishment of late-time cosmic acceleration, based on structure formation constraints which
is necessary to yield existence of life (as it is usually perceived) it was argued that the value of cosmological constant, if positive, should
not be much bigger than H20 (Weinberg 1987, 1996). A negative value of the cosmological constant, too, is bounded by similar anthropic
reasoning Barrow et al. (1986). Interestingly, the negative cosmological constant in our model which is within 1% of the current total energy
density of the Universe is certainly consistent with these bounds.
We emphasize that we ascribe the tension between the inferred value of H0 between the local measurements and the Planck data fully
on the dynamics of dark energy. Given this is the true case for this tension, what we find is that a negative value of the cosmological constant
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Figure 6. CMB TT spectra. Top one: for model considered in this work (see text) together with Planck data and error bars for TT spectra. Middle one: the
difference in TT spectra for our model and Planck best fit ΛCDM model. Bottom one: The residual for our model with the Planck data.
is still allowed by the data. To summarise, we discuss the prospects of solving the tension between low and high redshift cosmological
observations in the presence of a small negative cosmological constant. This is probably the first time, that there are observational suggestions
for presence of a negative cosmological constant. Its presence predicts definite observational signatures in large scale structure formation in
the Universe and can be tested with present and future experiments.
Note added: As we were updating and revising our paper, the paper Riess et al. (2019) appeared which has now a new measured value
for H0 which is 74.03 ± 1.42 km/s/Mpc. This is now in tension with Planck-2018 measurement for H0 at 4.4σ. For our case with PL2
(zmatch = 6), the value for H0 is 70+1.45−1.50 Km/s/Mpc. The deviation of this value with Riess et al. (2019) is 1.98σ which is at less than 2σ
tension.
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